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Thermal Degradation Chemistry of Poly(diphenoxyphosphazene)

Shawn J. Maynard,' Thomas R. Shup.ﬁ;nd James F. H.w*'

Department of Chemustry, Texas A&M University, College Station, Texas 77843
Recewved October 25, 1990; Revized M. 1pt 9, 1990

R, d N, I
{

ABSTRACT: Thethermal degradation of poly(diphenoxyphosphazene) has been resxamined with emphasis
on the roles of P~Cl and P~OH weak links. The poiymers studied had residual chlonne contents of <0 05%,
2.4%. and 9.9%. Thermal degradations were performed 21ther in a dynamic mode on the direct insertion
probe of a mass spectrometer or under isothermal conditions 1n sealed ampules at temperatures up to 440
*C. Severai model compounds (products observed from the dynarmic degradation of the polymers) were siso
subjected to 1sothermal degradation in order to better distinguish between primary and secondary products.
The primary degradation prod luded chlor g cyclic trumer and tetramer species. which
were themseives t0o unstable to be observed 1n 1sothermal degrad dies. Triphenyl phosphate was
formed as & secondary product from the degradation of the cyclic oligomers rather than as a primary product
from poivmer chain ends. as had been previously suggested. Hydrolysis of P-Cl weak links was obta:ned only
with difficulty, requining steam treatment. Stsam hydrolysis reduced the thermal stabihity of polymers with

high 1nitia) P-Cl contents.

Introduction

(Aryloxy)phosphazene polymersi~ are made by the
reaction of the hydrolytically unstable chioropolymer with
aryl oxides, as in eq 1.

Cl OAr '

| NaOAr } i
P=N — T =N { 1)‘
[~] N OAr |, ;

These polymers are film-forming thermoplastics that
have excellent physical properties and flame resistance.
Furthermore, they do not give off harmtut toxic degra-
dation products at high tempetatures, :n contrast to
halogen-containing {lame-retardant polymers or additives.
Unfortunataly, the thermal stability of these polvmers is

sites®s in the chain due to incomplete substitution

tin k_@emly affected by the presence of residual P-Cl weak-

#- PW J‘-—ovd’/u»yp,' 16 ten larndanX [ting

ring synthesis. Allcock et al.’ have proposed that the
actual weak links are P~OH groups, which are assumed
to weaken the chain through protonation of the nitrogen
in the tautomeric equilibrium shown in eq 2.

CH O H
| [

PN e = —FI'—N—- 6]
éAI OAr

Allcock and co-workers*studied the thermal degradation
of the prototypical {arvioxy)phosphazene. polv(diphenox -
yphosphazene) (PDPP), using two different procedures.
Polymer samples with residual chlorine contents of
<0.407; and 2317 were examined. Depolymerization

was monitored by using gel permeation chromatography .

and solution viscosity measurements. Mass spectrometry
and gas chromatography were the primary tools for
chemical identification of low molecutar weight degrada-
s products Thetiestproceaure usea 12 ~ampies which
were degraded in a tlow tube at 400 °C  The volatiles
were collected 1n a cold trap at cryogenic temperatures.
The volatile species identified in those experiments were,
for the most part, the phenoxy cychic trimer tstructure !},
tetramer (structure 2), and pentamer Traces of chlo-
robenvsene. phenol. and triphenyi phosphate tstructure )

} Present address: Dow Chemirs) Co. Freeport. TX 77541

O

were also observed. A black. insoluble residue formed in
the flow tube. The second procedure involved 1sothermal
degradation in sealed tubes at temperatures up to 300 °C.
The expeniment produced phenoxy cyclic olgomers, phe-
nol, and tripheny! phosphate as the nonpolymeric prod-
ucts. The chlorobenzene observed tn the flow tube
experiment was attributed to a cross-linking mechanism
proposed to be operative at high ten. perature. Triphenyi
phosphate was assumed to arise from the cleavage of
polymer end umts, and the formation of phenol was
proposed to resuit from interaction of POCyHswith P-OH
weak links. The latter sites were assumed to originate
from the hydrolysis of P~Cl weak links and were suspected
to control the initiation of depolymerization at temper-
atures below 250 °C.

The present investigation differs (rom the previous
studv® in several important wavs  OQur investigation has
L‘lllpn.hltud the cnunivar aspedts of the degradation
process and has turther eluctdated the role ol weak Links
through studies of polymers intentionally prepared with
appreciable weak-link contents. By rapidly heating smail
samples of polymeron the direct insertion probse of a mass
spectrometer (dvnamic degradation). we have identitied
thermeally unstable products that were not previousis
observed. Also, by independently studying the thermal
degradation of cychg_uhzomers’—-the first products of

ritomy, C7T vy,
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polymer degradation~we have ciarified the significance
of several low molecular weight species previously ob-
served. These results also allow us to reach several
conciusions about the thermal depolymerization mecha-
niam.

Experimental Section

Materials. Hexachl P [NPClyl;s (Aldrnich
Chemical Co.), was punified by vacuum sublimation at 56 *C
Phenol (99.997%), 1.4-diozane (99.99%), triphenyl phosphate
(99 9%), n-heptane, and scetons were used as received Tet.
rahydrofuran (THF) and benzene were purified by distillation
over sodium metal and benzophenone prior to use.

Polymerization of (NPCl,);. Thepreparationof linear poly-
(dichlorophosphazene) was based on thc ptocedure of Fieldhouse
and Graves.! Lmnr poly(dichlorop h ) was prepared
from h hlorocyclotr shosph using BCl, as a catalyst.
Polymerization tubes leru |lun. ca. 150 mm long, 32mmod.,
24 mm 1.d.) were annealed for 12 h at 560 *C, heated at 90 °C
under vacuum for 24 h, cooled under an argon purge, and then
evacuated. In a typical polymerization, a tube was filled with
{NPCl;]; (30.0 g, 0 0863 mol) in a drybox, attached to a vacuum
line, and degassed by the freeze-thaw technique. BCh(1:15molare
ratio BClytochlorotrimer) was condensed into the tube at liquid-
nitrogen temperature. The tube was seaied under vacuum and
placed inarockerassemblyinanoven. Afterthe tube washeated
at 180 °C for ca. 18 h, a hairline crack was produced in the side
of the tube by scoring with a glass file and placing s molun glass

n h

; Ailrogen atomosphe
open. Any unreacted heuchlorocvclomphosphnene was re-
moved from the linear poly(dichlorophosp ) by v
sublimation at 56 *C

Synthesis of PDPP-0.0. The preparation of PDPP is based
on the procedure of Allcock and co-workers.* Linear poly(dichlo-
rophosphazene) (12.5 g) was dissolved in 1.4-dioxene (250 mL;.
The polymer solution was added dropwise (ca. 30 min) toastirred
solution of 4 equiv of sodium phenoxide, prepared (rom sodium

Ad-l“ﬁf nd phenol 1n_L4-dioxane (1000 mL). After all the linear
polv(dichiorop! 2qne) solution was added, the reaction tem-
persture was incre , and the solution was refluxed for 4 days

.

LI;"/{’

e

The solution was then cooled to room temperature, concentrated
to ca. 500 mL, and poured into distilled water (1500 mL). The
polvmer precipitating from this solution was collected by
filtration, dissolved in s minimal of b and pouted
into methanol (1000 mL). Two further precipitations were made
from benzens into n-heptane. The polymer was then dissolved
in & mimmal amount of benzene md fnue-dmd 10 minimize
any solvent effects in the subsequent degradation his
polymer contained <0.03% Cl ‘and was dnmnlud PDPP-00.
The yield of PDPP-0 0 was 12.4 g (50% yield).

Symhenu of PDPP 2.4 and PDPP 939. Pnlv(dlphenoxy

largec rations of resid

chlon mnprepnred bylmodlﬂcmonof the method described
a or the fully substituted polymer, Limiting amounts of
sodxum phenoxide were used. The substitution resctions were
carried out (or shorter periods of time and at lower tempera.
tures. Neutron activation analysis and solution-state P NMR
spectroscopy were used to determine the residual chlorine
concentrations o the PDPP samples These methods gave
identical results . was reported previously 1n a determination
nf reaidual chlorine in alkoxyphosphazene pol\mers ! Two such
preparations were the tocus ot this work e cnlorime concen
1 ationsin these preparations currespond to une {N=PCH(OPh)|
umt for every six [N=P(OPh)s} units (2 4° residual chlonine,
doagnuted PDPE 2 41 and one [IN—=PCIROPhY unit for every
{N=P(OPh)s) unit (39', residual chlurine, deviknated PDPP.
9 9), assuming random distribution of chivrine stoms within the
polvmer molecuies

Synthesis of Cyclic Oligomers. Compound 1 (phenuxv
cvehie trimer) was ptepared by the procedure of Karthikevan
and Krishnamurthy ' The ohserved melting point was 114 °C
tht mp 115-1155°C) Compound 2 (phenoxv cvclic tetramer)
was prepated hy an analogous procedure tmp 81 °C. lit. mp 85-
36 *C} Muss spectral characterization ot these two compounds
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1 reported elsewhere © The effects of residual chiorine on the
thermal degradation of cyclic trimer detivatives were addressed
through the synthess of a mixture of chlorine-containing cyctic
trimer compounds, which was prepared with sodium phenoxide
as the imiting reagent. This mixture (an oil) consisted of phe-
noxy cychic tnmer (36 mol ") and phenoxy cvehic tnmer
compounds with one 168 3 mol o), two (21.6 mol %), and three
(6.5 mo} “¢) remdual chlorine stoms per ring, respectively

Analytical Characterization Methods. Solution-state 3P
NMR spectra were recorded at room temperature on & Varian
XL-200 NMR spectrometer operating at a field strength of 4 7
T or ona Varian XL-400 NMR spectrometer opsrating at a field
strength of 9.4 T Proton decoupling was used for all spectra.
Tetrahydrofuran was used as the solvent, and deuterioacetone
was used as the lock solvent.

Solid-state 3P NMR spectra were recorded at room temper-¢

using single-pulse e ion and magic-angle spinning (MAS),
or cross-polanization and MAS (CP/MAS). High-power proton
decoupling was used for all exper AllMP ch 1 shifts
are reported with respect to external 85% HyPO,, more positive
shifts represent deshielding.

Massspectral analyses of 1sothermally degraded samples were
performed on & VG Analytical 70-S mass spectrometer uning
electron impact 10n1zation at 70 eV, Sampies were introduced
by direct insertion probe and hested at a rate of approximatelv
30 *C/min, starting at ambient temperature and ending at ca
480 °C. Full mass spectre of volatile materials were acquired as
the materials evolved directly into the ion source region.
Compounds wers i1dentified by their molecular 1ons. doubly
charged molecular 1ons, structurally significant fragment 10ns,
and {when possible) comparison with mass spectra of authentic
samples.

Dynamic Degradation. Semples for dynamic degradation
were prepared by loading several miiligrams of :ample into &
glass capillary tube and were degraded in the mass spectrometer
as described above.

Isothermal Degradation. Degradation tubes (Pyrex giass.
ca. 76 mm long, 32 mm o0.d., 24 mm1 d.) were filled with 0.3-0 5-g

ples of model compounds, PDPP-0 0, PDPP-2 4, or PDPP-
9.9, sealed under vacuum, and heated 1sothermally for 2hinan

777
ature on a Chemagnetics M-100S NMR spectrometer operaung *—}ch r
at a magnetic field @ ol . Spectia were obtained by

o«

-

~

-

oven at one eral temperatures between 160 and 440 *C
After heat tréa T!Ee‘z%ﬁ?-mmymmm—*’

transterred to & nitrogen atmosphers 1n & drybosx, and broken
open. Approximately 10 mg of the degraded sample was placed
in a capillary tube, seaied, and analyzed by using mass spec-
trometry, essentially as described above. Therestof thedegraded
sample was characterized nondestructively by using solid-state
3P NMR spect The sample was then dissoived tn drv
THF. snd a solution-state'P NMR spectrum was obtained. Anv
matter that was insoluble in THF was 1s0lated and dissolved in
D10 for solution-state P NMR spectroscopy Any residue that
was insoluble in both THF and D0 was dried by evacuation and
characterized by using solid-state 3'P NMR spectroacopy.

Steam Degradation, Samples of PDPP.0 0, PDPP-2.4. and
PDPP-39(0.3g) were degraded in the presence of steam. Each
degradation tube was filled with a polymer sample. and distilied
water (50 uL) was added to the tube by syringe  Tha tubes were
attached to a vlcuum line, cooled to liquid-nitrogen tempera-
ture, e d,and sealed. Sampies were ly degraced
by using the previouslv described 1sothermai deamdmon pto-
vedure and characterized hv nsing the cample analssia protogol
descnibed above

Results and Discussion

Figure I shows the 162-MHz solution-state #P NMR
spectra of the three polymer samples. [n the absence ot
weak links, the polymer hasa single resonanceata chemical
shiftofca. ~19ppm. Thespectrumof PDPP-2 {alsoshows
a well-resulved triplet at =16.5 ppm, which 13 sssigned to
P-Cl weak links. The spectrum of PDPP-2 { aiso shows
a poorly resolved multiplet on the high-field shoulder ot
the main polymer peak, which 1s assiened to PIOC Hu,

"
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Figure |. %P NMR spectra of the three poly(diphenoxyphos-

/phucrm (PDPP) polymer sampies. The tesidual chlonne
2 con:anu of these polymars were {A) <0.05%, (B) 2.4%, and (C)

100
A
o-_f
9 8
i
hd !
100 ‘f\c
[]
] T T T T LU
128 247 308 480 470 480 °C

Figure 2, Mass spectrometric total 10n current traces from the
/dymrmc thermaldegradation experiments on the three polymers:

(A)PDPP-00;tB)PDPP-2.4;(C) PDPP-9 9, Theindicated probe

temperature was calibrated by using a set of standards.

groups adjacent to P-Cl weak hinks. The ¥P NMR
spectrum of PDPP-9.9 clearly reflects the very high
chlorine content of this polymer—one PCI{OPh) group
for every P(OPh); group. We cannot rule out the

possibility that this polymer contains some PCl; groups,
/ as the chemical shift of polytdichlorophosphazene) (-17
ppm) suggests that PCl, groups might have very similar
chemical shufts to those of PCI{OPh) groups. Solution-
state /P NMR spectra of the three polymer samples (not
shown) <howed no evidence ot phenoxy cvelic tnimer or
tetramer.

Dynamic Degradation of PDPP Samples. The
profound etfects that P-Cl weak links have on the thermal
stability ot PDPP can be appreciated by inspecting the
dynamic degradation datain Figure 2, where the total ion
current {TIC) from the detector of the mass spectrometer
15 shuwn as a tunction of the direct insertion probe tem-
perature. Verylittle volatile matenial evolved from PDPP.
00 (Figure 2a) up to a probe temperature of 480 *C. In
cuntrast, large amounts of volatile degradation products
were evolved from PDPP-2 4 and PDPP-9.9 under 1den.
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tical conditions. The probe temperature in this experiment
overstates the thermal stability of the polymer because of
the rapid heating rate, short measurement time, and the
fact that low molecular weight degradation products must
distill out of the sample before they are observed. The
dynamic degradation experiment does, however, provide
important mechanistic information about the depolymer-
ization chemistry that is not available with other degra-
dation protocols.

Mass spectra obtained during the course of the dynamic
degradations revealed that traces of phenol and phenoxy
cyclic trimer were evolved from PDPP-0.0, notasurpnsing
result in view of the earlier work by Allcock and co-
workers.® However, we also observed traces of monochlo-
rop:enoxy cyclic trimer, which was not reported in their
study.

PDPP-2.4 and PDPP-9.9 degraded extensively to vol-
atile products under dynamic degradation in the mass
spectrometer, reflecting the high concentrations of weak
links in these materials. Masy spectra obtained during
this experiment on PDPP-2.4 revealed not only phenoxy
cyclic trimer 1 and tetramer 2 but also monochloropen-
taphenoxv cyclic trimer, monochloroheptaphenoxy cyciic
tetramer, and dichlorohexzphenoxy cyclic tetramer (prob-
ably a mixture of isomers). PDPP.9.9 evolved dichlo-
rotetraphenoxy cyclic trimer(s), trichloropentaphenoxy
cyclic tetramer(s), and HCI, as well as those products that
wereobserved from PDPP-2.4. Therelativeionintensities
due to various cyclic oligomers were roughly in accord
with random statistical distributions of P-Cl weak links
in the polymers. For example, mono- and dichlorophe-
noxy cyclic trimers and tetramers were the dom:nant mo-

lecular ions in spectra of the volatile products evolved
during the dmw
The above results have several implications for the

thermal degradation chemistry of PDPP. It is necessary
to reconcile the observation of chlorine-containing cyciic
oligomers with the absence of such species in either the
previous study or our own isothermal cegradation exper-
iments described below. In the flow tube experiment of
the previous study, 1 g of polymer sample was heated at
400 *C in a stream of helium, and volatile products were
collected downstream in a cold trap. In contrast, the
dynamicdegradationsemployed ca. 5 mg of matenal, whuch
was rapidly heated to evolve volatiles into the vacuum of

the mass spectrometer ion source region. A reasonable ¢~

hypothesis for the discrepancy between these results is
that the chlorine-containing phenoxy cyclic oligomers are
less thermally stable than the phenozy cyclic trimer 1 or
tetramer 2. Secondary thermal reactions in the polymer
matnix due to slow mass transport in a 1-g sample and/or
gas-phase reactions 1n the hot carrier stream might then
be expected to mask the identities uf the first-formed
products. Significantly, Ballistrer: and co-workers!! also
observed monochloro cyclic trimer and tetramer when
poly(di-g-naphthoxyphosphazene) wasdegraded in s mass
spectrometer bv a direct probe method sianlar to ours
‘The thermai instability of chlorine-contarunp phenoxy
cyclic trimers will be demonstrated below.

In theirosrlier study, Allcock and co-worker« nhserved
traces of chlorobenzene vhen a i-g sample ¢t PDPP was
degraded in a flow tube and the volatile products were
urvogenically trapped. They concluded that the obser-
sakon of chlosobenzene was a sensitive test tor residual
P-C] zcoups 1n the polymer. [n our study, where PDPP
was intentionally prepared with large concentrations of
residual chloring, no chiorobenzene was observed under
either dynam:c degtadation or isothermal degradation

v
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~Figure 3. 81-MHz solution-state *'P NMR spectra of the THF soluble fractions obtained after isothermai degradation of the three

polymaers at the temperatutes indicated. (A) PDPP-00; (B} POPP-2 4; (C) PDPP-99.

conditions. These results can be reconciled if chloroben-
zene 1s assumed to form in trace quantities as a product
of the degradation of chiorine-substituted oligomers.

It has also been suggested that P~Cl sites .n PDPP can
readily be hydrolvzed to P-OH groups, or their tauto-
meric phosphazens moisty, and that these are the most
important weak links. No evidence of volatile species
incorporating such hydrolyzed sites could be found in the
mass spectra obtained during dynamic degradation of our
samples. Tha resuits of our study suggest that P-Cl weak
links are themselves able to destabilize the polymer.
Chlorine-containing phenoxy cyclic trimer molecules are
presumably formed by the same cyclization-depolymer-
1zation process that forms the phenoxy cyclic tnmer 1.

Isothermal Degradation of Model Compounds. In
orderto elucidate any reaction mechamism, it is important
todistinguish primary products from secondary products.
The results of the above dynamic degradation study
indicate that the primary volatile products of PDPP
thermal degradation are phenoxy cyclictrimer i, tetramer
2, and their chlorine-containing derivatives (in concen-
7 trations reflecting the chlorine content of the original
polymer). The primary products can reasonably be
expected to undergo secondary decomposition reactions
in sealed tubes or If mass transport through the polymer
matnix is slow. In order to distinguish primary products
from secondary products, samples of the phenoxv cyclic
trimer and tetramer and a mixture of chlorine containing
phenoxy cyclic trimers were each subjected to the same
isothermai degradation and chemical characterization
procedures used for studv ot the polvmers

A pure sample of phenoxy cyclic timer | was unreac-
tive at temperatures below 400 °C, whereupon 1t formed
«ome phenoxv ciclic tetramer 2 through a known equ-
_-librium reaction. {t aiso formed a trace ot tnipheni

phusphate 3), which was previously observed i degra-

dation studies ot PDPP and attributed to polymer chain
ends. Degradativn of the phenoxv cyclic trimerat 440 °C

produced and0’ . vieid of an insoluble, resinous mass, P

NMR analysis of the THF-soluble portion of that sample
revealed triphenyl phosphate to be the dominant phos-
phorus-containing product. Mass spectral analysis of the
trimer sample degraded at 440 °C revealed spectral details
consistent with the volatile components being triphenyl
phosphate, diphenylamine, phenylamine, phenoxy cyclic
trimer, and phenoxy cyclic tetramer, listed in order of
importance. Following isothermal degradation at440°C,
each of the model compounds or polymers yielded small
up 2N MR signals from three or more of the compounds
4-12,

(91”7 8 7 g 7

P Ph—p—0Pn  NHy—P—OPn ‘
. oPh oPn
4 S ]
0

i i e

s P—iN(PMj;  PNO—P—{NHPH,  PRHN—P —{OPH,

7 s 9

/'
{PhOJ; =P =N —P —[OPH],

o
{PRO} =P =N =P ~~{OPHl
/ 1"

10
o]

It
Phe=P —={NHPH];

12
These compuunds evidently form through pathwavs
<imilar to those that produce the phenvlamines and tripn-
envl phosphate. ''P chemical shift assignments for all ot
the low molecular weight species ohserved in this inves-
tigation are summarized in Table [,

‘The results of the 1sothermal degradation ot phenoxs
cyclic tetramer were identical with those for phenoxy cveiic
trimer, except that the phenoxv cveclic trimer began
tormung at 280 °C (presumally retlecting its greater
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A/Figun 4. 162-MHz solution-state P NMR spectra of samples
of PDPP 2.4 aftersteam hvdrolveis at the temperaturesindicated.

Table i
1P NMR Chemicsl Shifts of Degrsdation Products

chemical chemical
compd shift, ppm compd shift. ppm
1 90 1 1.7
/ 2 -128 8 -23
3 -178 9 -71
4 6.0 10 -112
5 18 1 -118
6 2.2 12 84

tability) and that decomposition to an insoluble resin,
triphenyl phosphate, phenylamine, and other products
was essentially complete by 400 *C.

The mixture of chiorine-containing phenoxy cyclic tri1-
mer compounds showed qualitatively simular 1sothermal
degradation behavior. Decomposition of the chlorine-
containing species began by 280 *C and was essentially
complete at 320 *°C. The main soluble and/or volatile
products included triphenyl phosphate, phenylamine, and
diphenylamine. HC! was also observed. The chlorine-
containing phenoxy cyclictrimer compounds are obviously

resi J’u.jl'“ stable than fully substituted phenoxy cyche tnimer,

——~guggesting thi weak-link effect 1s antntrinsic chemical
property ol¢esidue)P-Cl groups in phenoxyphosphazene
compounds.

From the sbove model compound studies we conciude
that the chlorine-containing phenouxy cyclic oligomers
observed in the dynamic degradation experiments are too
unstable to be readily observed with inothermal or “static”
degradatiun protoculs. All vt Lthe compounds studied
decompose tu form an insoluble resinous mass and
/slgmficnm quantities of phenviamines. tniphenvl phus-
phate, and related compounds  ['races ol phenol were
also seen 1n sume experiments. Since we did not observe
triphenyl phosphate in the dynamic dexradation exper-
iments, we conclude that it turms as @ secondary product
from the degradation of esther the cvclic species or this
resinuus solid and not from the chain ends ot polymers,
as has been previously suggested.

Isothermal Degradation of PDPP 0.0, PDPP 2.4,
" and PDPP-9.9. Sulution-siate P NMR <pectra of the
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isothermally degraded polymer samples are compared in
}-‘igure& Chemucalshift assignments are reported 1. Table

Polymer PDPP-0.0 had undergone substantial degra-
dation after 2 h at 320 *C and was essentially gone from
anidentical sample, which was degraded at 360 *C. FDPP-
0.0 produced large quantities of phenoxy cyclic trimer and
tetramer during isothermal degradation. Approximately
80% of the sample was an insoluble, resinous mass
following degradation at temperatures of 400 *C or above.
Isothermal heating at temperatures greater than 360 *C
also produced large quantities of triphenyl phosphate and
other compounds in Table I. Mass spectral analyses of
PDPP-0.0 samples after degradation at 400 and 440 °C
showed that the volatile components included tripheny!
phosphate and diphenylamine.

Inspecting the P NMR spectra of isothermally de-
graded samples of PDPP-2.4 and PDPP-9.9 1n Figure 3.
one notes that the destabilizing etfect of chlorine s
apparent. Both polymers were totally destroyed after 2
h at 320 °C. Chlorine-containing phenoxy cyclic trimer
and tetramer molecules were not observed in the isothermal
degradation experiments, consistent with their low thermal
stability. Mass spectral analysis of the products from the
isothermal degradation of PDPP-2.4 and PDPP-9.9 showed
that the volatile components included phenol, pheny-
lamine. diphenylamine. triphenvl phosphate, and HCl.

None of the spectra in Figure 3 show any features that
can easily be interpreted in terms of the phenyl migration
process shown in eq 3. An analogous reaction is known

Q—Ph ﬁ Th
/ PN — == —T—N—' @
Q~Ph O=—Ph

for the methoxy polymer,!%13 but it 1s not thought to occur
for PDPP. Theobservationof phenylaminesin this study
suggests that phenyl migration does occur at some point
inthe thermai degradation chemistry, but we suspect that
1t occurs during or after the formation of the resinous
mass rather than as the initial step.

Solid-state 3!P NMR spectra (not shown) of the resinous
masses obtained after thermal degradation of the polymers
and model compounds revealed a broad. featureless ine—a
result consistent with a highly cross-linked material.

Steam Degradation of PDPP Samples. Phospha-
zene polymers in end-use environments will likely be
exposed to water. Given the ease with which the chlo-
ropolymer hydrolyzes, 1t is appropriate to consider the
role of water in the thermal degradation chemistry of
PDPP samples containing P-C] weak links. Allcock and
Walah!* have shown that PDPP itseif is very difficult to
hydrolyze at low temperatures. Residual P-Cl groups
would presumably be easier to hydrolyze. An attempt
was made to hydrolyze all three polymer samples by re-
fluxirg for 48 hin dioxane solutions contmming (107, water
No obvious changes were observed in soiution-state +'P
NMR spectra ol the polymers so treated. PDPP-2.4 did
undergo hydrolytic cross-hnking, however, when a higher
temperature was applied during the vacuum distillation
vt the wet solvent.

In order to assess the hydrolvtic stability of PDPP
samplesatelevated temperaturesand the etfect that P~-OH
weak-link sites have on the thermal degradation of PDPP.
polymer samples were subjected tosothermal degradation
between 160and J60°C inthe presence ut small quantities
of water. [sothermal degradation experiments were per-
tormed in which 50 ul. uf water was added to each sample
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Degradation in the presence of steam had little effect on

/tho temperaturs stability of PDPP-0.0, and the stability

of PDPP-2.4 was only slightly reduced. The stability of
?(l:)PP-O .9, on the other hand, was reduced by nearly 100

Solution-state 3'P NMR spectra of PDPP-2.4 samples
steam-degraded at 200-280 °C (Figure 4) show features
that we can interpret as svidence for the hydrolysis of
P-C) weak links. These spectra show a decrease in the

/tnplot dueto P-Clgroups (~16.5 ppm) with & correspond.

ing increase in & broad resonance from ~17.5 to -19 ppm
as the degredation temperature is increased. It is rea.
sonable to associate this spectral feature with either P-OH
or P==0 weak links formed from the hydrolysis of P~-C|
groups and their adjacent P(OPh); groups.

Conclusions

Isothermal and dynamic degradation studies have
probed the role of P-Cl and P-OH weak links in the
thermal degradation chemistry of PDPP. Model com.
pound studies gave insight into the thermal degradation
of cyclic species formed during polymer degradation,
allowing primary and secondary products to be distin-
guished.

P-C! weak links lower the thermal stability of PDPP.
P-C1 groups can be incorporated into cyclic trimer and
tetramer compounds formed during cyclization depoly-
merization. The presence of chlorine-containing cyclic
oligomers in the products evoived during dynnmu: de|

«~"tadation of PDPP in the mass spectcometer is a sensitive

test for the presence of P-Cl weak links. Chlorine.
containingoligomers are less stable thanthe phenoxy cyclic
trimer and tetramer and are not, therefore, observed in
isothermal degradation experiments. Triphenyl phos-
phate is formed in appreciable quantities when cyclic oli-
gomers are isothermally degraded. This compound is nec

primarily derived from polymer chain ends, as was

previously thought.

Significant hydrolysis of the P-Cl weak links in PDPP
is achieved only with difficulty, i.e., steam hydrolvsis
conditions, but P-OH weak links, once formed, appreciably
reduce the thermal stability of the polymer.
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